Abstract. Proton radiotherapy has been established as a highly effective modality used in the local control of tumor growth. Although proton radiotherapy is used worldwide to treat several types of cancer clinically with great success due to superior targeting and energy deposition, the detailed regulatory mechanisms underlying the functions of proton radiation are not yet well understood. Accordingly, in the present study, to assess the effects of proton beam on integrinmediated signaling pathways, we investigated the expression of integrins related to tumor progression and integrin trafficking, and key molecules related to cell adhesion, as well as examining phosphorylation of signaling molecules involved in integrin-mediated signaling pathways. Proton beam irradiation inhibited the increase in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced integrin β1 protein expression and the gene expression of members of the integrin family, such as α5β1, α6β4, αvβ3, and αvβ6 in human colorectal adenocarcinoma HT-29 cells. Simultaneously, the gene expression of cell adhesion molecules, such as FAK and CDH1, and integrin trafficking regulators, such as RAB4, RAB11, and HAX1, was decreased by proton beam irradiation. Moreover, proton beam irradiation decreased the phosphorylation of key molecules involved in integrin signaling, such as FAK, Src, and p130Cas, as well as PKC and MAPK, which are known as promoters of cell migration, while increased the phosphorylation of AMPK and the gene expression of Rab IP4 involved in the inhibition of cell adhesion and cell spreading. Taken together, our findings suggest that proton beam irradiation can inhibit metastatic potential, including cell adhesion and migration, by modulating the gene expression of molecules involved in integrin trafficking and integrin-mediated signaling, which are necessary for tumor progression.
Introduction
Tumor invasion and metastasis are the main biological characteristics of malignant cancers. Mortality in cancer patients principally results from the metastatic spread of cancer cells to distant organs. Tumor metastasis is a highly complex and multistep process, which includes changes in cell-cell adhesion properties. A number of molecules, including matrix metalloproteinases (MMPs) (1), integrins (2) , and Rac GTPases (3), have been found to be responsible for cancer cell motility.
Alterations in integrin-mediated signaling pathways and integrin trafficking are involved in nearly all steps of carcinogenesis including adhesion and migration, which include changes in the utilization of αβ heterodimers, aberrant expression of integrins, and constitutive activation of downstream molecules of integrin signaling pathways (4) . Integrins play important roles in pathological angiogenesis and tumor metastasis, making them attractive targets for cancer therapy strategies (5) . Integrins α5β1, α6β4, αvβ3, and αvβ6 have been extensively studied in cancer and their expressions are closely associated with cancer progression in various tumor types (6) . Upregulation of these integrins renders cancer cells more motile, invasive, and resistant to anticancer drugs (7) . Integrins transmit signals across the plasma membrane via the tyrosine kinases Src and focal adhesion kinase (FAK) and the CRK-associated tyrosine kinase substrate p130Cas, and thereby regulate cell adhesion, migration, invasion, proliferation, and differentiation (8) . In addition, numerous studies have indicated that many signaling molecules, including AMP-activated protein kinase (AMPK) (9, 10) , protein kinase C (PKC) (11) , and mitogen-activated protein kinases (MAPK) (12) , are associated with integrin-mediated regulation of metastasis in cancer cells.
Inhibitory effects of proton beam irradiation on integrin expression and signaling pathway in human colon carcinoma HT29 cells
Byung geun HA 1 , JUNG-EUN PARK 1 integrin trafficking regulates cell adhesion to extracellular matrix (ECM), establishes and maintains cell polarity, redefines signaling pathways, and controls migration (13) . It is regulated by members of the Ras-associated binding (Rab) family of small GTPases, which function as molecular switches regulating vesicular transport in eukaryotic cells. Rab11 mediates slow integrin recycling through recycling endosomes, whereas Rab4 mediates fast integrin recycling directly from early endosomes (14) . The deregulation of Rab GTPases is closely related to cancer development and progression (15) . Because of the involvement of Rab4 in the recycling of αvβ3 integrin, inhibition of Rab4 effector protein (Rab iP4) blocks integrin recycling, leading to inhibition of cell adhesion and cell spreading (16) . Integrin αvβ6 is internalized by a clathrin-dependent mechanism by interaction with HS1-associated protein X1 (HAX1). HAX1 is found in clathrin-coated vesicles. When the cytodomain of β6 integrin interacts with HAX1 and is endocytosed, carcinoma migration and invasion is increased (17) .
Heavy-particle radiotherapy, including the use of protons and carbon ions, has been producing noteworthy clinical results worldwide (18) . However, the detailed regulatory mechanisms underlying their functions are not yet well understood. In our previous studies (19, 20) , we demonstrated that proton beam irradiation suppresses metastatic capabilities such as migration, invasion, and MMP-2 and -9 expression, as well as increasing chemopreventive enzymes such as quinone reductase (QR) and glutathione S-transferase (GST) in human colorectal adenocarcinoma HT-29 cells. In the present study, to elucidate the regulatory mechanisms underlying the inhibitory effect of proton beam irradiation on metastatic potential, we investigated the effects of proton beam on the expression of members of the integrin family and trafficking regulators, and integrin signaling pathways related to tumor progression. in RPMI-1640 medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. To induce metastatic potential, cells were incubated with 150 nM TPA for 1 h before proton beam irradiation.
Materials and methods

Materials
Proton beam irradiation.
Cell irradiation with a 35-MeV proton beam using the MC-50 cyclotron (Scanditronix, Uppsala, Sweden) was carried out at the Korean Institute of Radiological and Medical Sciences (Seoul, Korea) according to a previous study (21) . Cells anchored in a 12.5-cm 2 flask filled with medium were placed on a beam stage and then irradiated. Cells were irradiated (0.5, 2, 8 and 16 Gy) at the center of Bragg peaks modulated to 6-cm width. Flasks were oriented such that the growth surface was orthogonal to the horizontal beam entering from the top of the flask. A mono-energetic proton beam cannot be applied for cancer cells because the Bragg peak is too narrow to give a uniform dose to a tumor of any significant depth. Thus, a region of high dose uniformity in the percent depth-dose, known as spread-out Bragg-peak (SoBP) dose distribution was created by traversing a rotating range modulator designed to obtain a uniform dose distribution to an indicated depth in cells plated and the media. It was assumed that the thickness of the cell monolayer was between 3-6 µm and that of media was 1 cm. Thus dose distribution by SoBP was enough to target live cells. The average dose rate was 2.31 gy/sec. Radiochromic film (gAF-MD55) was used as an in situ measuring tool of the dose at each beam irradiation.
Western blot analysis. After irradiation, cells were incubated for 1 and 3 days, washed with ice-cold PBS, and lysed in RIPA buffer (50 mM NaCl, 10 mM Tris, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 5 mM eDTA, and 1 mM Na 3 VO 4 , pH 7.4). Proteins (40 µg) were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Whatman, Dassel, germany). The membranes were blocked with 5% skimmed milk for 1 h and incubated with primary antibody (diluted 1:1,000) overnight at 4˚C. After washing with Tris-buffered saline containing 0.1% Tween-20, the membranes were incubated with HRP-conjugated secondary antibodies (diluted 1:3,000) for 1 h at room temperature. Antibodies binding on the nitrocellulose membranes were detected with an enhanced chemiluminescence solution (Amersham Bioscience, Buckinghamshire, uK) and radiography. The images were obtained with a Lumino image analyzer (LAS-4000 Mini, Fujifilm, Tokyo, Japan) and analyzed with image analysis software (Multi Gauge ver. 3.0, Fujifilm).
Quantitative RT-PCR (qRT-PCR) analysis.
Total RNA was isolated from HT-29 using TRIzol (Invitrogen Life Technologies), and cDnA was synthesized using PrimeScript™ 1st strand cDnA synthesis kit (Takara Bio inc.), according to the instructions of the manufacturer. qRT-PCR was performed in triplicate using a FastStart SyBR green Master Mix (Roche Diagnostics, Mannheim, germany) in ABi PRISM 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The expression levels of target genes relative to that of the endogenous reference gene, actin, were calculated using the delta cycle threshold method (22) ( Table I) .
Statistical analysis. All data are presented as the mean ± SEM. The data were evaluated by one-way analysis of variance (ANOVA). Differences between the mean values were assessed using Dunnett's multiple comparisons test. Statistical significance was defined as P<0.05.
Results
The inhibitory effect of proton beam irradiation on the TPA-induced integrin β1 expression. To determine whether proton beam irradiation regulates the expression of integrin β1, we investigated the expression of integrin β1 in TPA-induced aggressive HT-29 human colorectal adenocarcinoma cells after the cells were irradiated by proton beam at 0.5, 2, 8 and 16 Gy. The treatment of TPA for 1 h resulted in higher expression of integrin β1 than that of non-treated control, while proton beam irradiation severely inhibited TPA-induced integrin β1 expression in a dose-dependent manner 12 h (Fig. 1A ) and 24 h (Fig. 1B) after irradiation. Twelve hours after proton beam irradiation, the dose of 16 Gy showed the strongest inhibitory effect on the expression of integrin β1. Therefore, these findings suggest that proton beam can inhibit metastatic potential, including migration and invasion, in TPA-induced HT-29 human colorectal adenocarcinoma cells.
Proton beam irradiation inhibits TPA-induced gene expressions of integrins involved in migration and invasion.
To further explore the effect of proton beam irradiation on integrin expression, we next investigated the gene expressions of integrin subunits, such as iTgA5 and iTgB1 (α5β1) that form a fibronectin receptor, iTgA6 and iTgB4 (α6β4) that form a laminin receptor, iTgAV and iTgB3 (αvβ3) that form fibronectin and vitronectin receptors, and iTgAV and iTgB3 (αvβ6). The expressions of these subunits have been extensively shown to be correlated with cancer progression in various tumor types. The treatment with TPA for 1 h increased the expression of iTgAV and iTgB3 in a time-dependent manner. Although the TPA-induced gene expressions did not significantly changed 12 h after irradiation, proton beam irradiation remarkably decreased the gene expression of all subunits after 24 h (Fig. 2) . Therefore, these findings suggest that proton beam can inhibit migration and invasion through the inhibition of the gene expression of members of the integrin family in TPA-induced HT-29 human colorectal adenocarcinoma cells.
Proton beam irradiation inhibits the phosphorylation of key molecules involved in integrin signaling.
To investigate whether proton beam irradiation regulates integrin signaling pathways, we assessed the effects of proton beam irradiation on the phosphorylation status of key molecules involved in integrin signaling pathways 1 and 3 days after irradiation. Three days after irradiation, the phosphorylation of Src, a non-receptor tyrosine kinase, as well as p130Cas, an adaptor protein were consistently increased. The phosphorylation of FAK by TPA was increased 1 day after irradiation, but was decreased at 3 days after irradiation. Proton beam irradiation at 16 Gy completely suppressed the phosphorylation of the proteins (Fig. 3) . Moreover, the phosphorylation of Src and p130Cas, but not FAK, was increased in the control group. These results suggest that proton beam irradiation may regulate cell adhesion and migration through the inhibition of the activities of downstream integrin signaling molecules.
Proton beam irradiation regulates the phosphorylation of molecules downstream of integrin signaling.
To further study the regulatory mechanism underlying proton beam irradiation, we next investigated the phosphorylation of AMPK, PKC, and MAPK, which are molecules downstream of integrin signaling and well known for their roles in the regulation of various integrin-dependent cellular functions. As shown in Fig. 4 , the treatment with TPA for 1 h consistently decreased the phosphorylation of AMPK as compared with that in the control group. However, proton beam irradiation at 8 and 16 Gy resulted in notable increases in the phosphorylation of AMPK. On the contrary, an inhibitory effect on the phosphorylation of PKC and MAPK was observed 3 days after irradiation at 16 Gy. These results suggest that proton beam irradiation may regulate integrin-mediated functions by upregulating the activity of AMPK.
Proton beam irradiation inhibits the expressions of genes related to integrin-mediated cell adhesion and integrin trafficking.
To study how proton beam irradiation affects integrin-mediated functions, we investigated the expression of genes that regulate integrin-mediated adhesion to ECM, as well as integrin trafficking. As shown in Fig. 5 , the treatment with TPA increased the expressions of CDH1 and FAK 12 h after irradiation. Proton beam irradiation dose-dependently decreased the expressions of FAK and CDH1 24 h after irradiation. To further study the effects of proton beam irradiation on integrin functions, we assessed the effect of proton beam irradiation on the expressions of genes related to integrin trafficking (Fig. 6 ). Proton beam irradiation dose-dependently decreased the gene expression of Rab family of small GTPases, such as RAB4, which mediates fast integrin recycling from the early endosome RAB11, which mediates slow integrin recycling through recycling endosome; and HAX1, which mediates clathrin-dependent endocytosis of integrin, 24 h after irradiation. In contrast, TPA decreased the gene expression of Rab iP4, which blocks integrin recycling, leading to inhibition of cell adhesion and cell spreading. However, the expression of Rab IP4 was increased by proton beam irradiation at 8 Gy. Therefore, these results suggest that proton beam irradiation can modulate cell adhesion and migration, as well as integrin trafficking necessary for tumor progression.
Discussion
In the present study, we demonstrated that proton beam irradiation suppresses protein expression of integrin β1, gene expressions of members of the integrin family, integrin-mediated signaling pathways involving FAK, Src, and p130Cas, the phosphorylation of kinases such as PKC and MAPK, and gene expression of regulators involved in integrin trafficking such as RAB4, RAB11, and HAX1, as well as increasing the phosphorylation of AMPK and Rab iP4, which are well known as negative regulators on tumor progression and metastasis. Proton beam therapy (PBT) has recently attracted attention for its use as an alternative to gamma or X-ray irradiation therapy and been producing promising clinical results worldwide (23) . PBT has been used for decades, mainly to treat hepatocellular carcinoma (24) , non-small cell lung cancer (25) , prostate cancer (26), and head and neck tumors (27) . in addition, many in vitro studies have shown that PBT suppresses metastatic capability, including adhesion and migration, in diverse human cancer cell lines (28-30). However, a more detailed investigation on the inhibitory effect of proton beam on metastatic potential of cancer cells is still needed.
Integrin β1 is the most widely expressed integrin in cells, and it has been implicated in the clinical course and prognosis of several types of cancer (31) . Integrin β1 plays a significant role in tumor metastasis. it binds to eCM and initiates adhesion by recruiting cytoplasmic proteins, such as Src, FAK, and p130Cas (32) . The multiple parallel signaling pathways downstream of integrin engagement that promote tumor growth include FAK, Src, PKC, MAP kinase, Akt, and Ras pathways. These pathways are upregulated as the level of integrin β1 increases (33) . Indeed, several studies have demonstrated the correlation of the expression of integrin β1 with malignant features, including metastasis (34, 35) . Accordingly, integrin β1 signaling in tumor cells has been shown to promote resistance to multiple treatment modalities, including cytotoxic drugs, radiotherapy (36) , and targeted therapies such as trastuzumab (37) and lapatinib (38) . Studies using conditional genetic models point to critical roles of integrin β1 in initiation, growth, or progression of a variety of cancers (4) . In a prostate adenocarcinoma model, deletion of integrin β1 led to more dramatic expansion of the tumor cell population, enhanced the rate of prostate tumor progression, and decreased overall animal survival (39) .
The metastatic potential of tumors depends on integrin complexes, which function as intracellular signaling mediators. Integrins promote migration of cells on the surrounding ECM, and the signals initiated by integrin binding to ECM proteins are necessary for the maintenance of cell survival. Focal adhesion sites contain integrins and complexes of signaling elements, such as Src, FAK, p130Cas, MAP kinases, small gTPases, and phosphoinositide 3-kinase (40) . Although it is not clear which regulatory mechanism is employed by proton beam irradiation to modulate the expression of integrin β1, we demonstrated that proton beam irradiation suppressed the protein expression of integrin β1, leading to an inhibition of the phosphorylated forms of FAK, Src, and p130Cas, which are molecules downstream of the integrin β1 signaling pathway. The decrease in the expression of integrin β1 protein was accompanied by changes in mRNA levels of integrin β1 as well as other members of the integrin family, suggesting a post-translational mechanism. Therefore, our findings demonstrate that downregulation of the protein level of integrin β1 and activities of downstream signaling molecules is a novel mechanism underlying the suppressive effect of proton beam irradiation on the migration of cancer cells.
On the contrary, recent studies have shown not only integrin signaling, but also integrin trafficking contribute to cancer growth and progression (4, 6) . Abundant evidence suggests that integrin trafficking regulates cell adhesion to eCM, establishes and maintains cell polarity, redefines signaling pathways, and controls migration (41) . Therefore, transcriptional changes, mutational alterations, and deregulated cellular signaling changing endocytosis and recycling of integrins confer invasive and metastatic properties to tumor cells. Although at least 24 αβ integrin heterodimers are known, α5β1, α6β4, αvβ3, and αvβ6 integrins have been extensively studied in cancer and the expression is correlated with cancer progression in various tumor types (7) . Upregulation of these integrins renders cancer cells more motile, invasive, and resistant to anticancer drugs (42) . unlike these integrins, expression levels of certain integrins, such as α2β1 (43) and α1β1 (44) , decrease in tumor cells, which potentially increase tumor cell dissemination. In addition to changes in expression, changes in the functions of these integrins also play a critical role in cancer progression. Therefore, our findings suggest proton beam irradiation as a general and strong inhibitor on the expression of members of the integrin family. AMPK is a metabolic sensor that maintains cellular energy homeostasis. AMPK regulates lipid, cholesterol, and glucose metabolism in specialized metabolic tissues, such as liver, muscle, and adipose tissues. This function has made AMPK a key therapeutic target in patients with obesity and diabetes (45) . The connection of AMPK with several tumor suppressors suggests that therapeutic manipulation of this pathway using established diabetes drugs warrants further investigation in patients with cancer (46) . Although previous studies showed that LKB1-deficient (47) or AMPKdeficient cells (48) are resistant to oncogenic transformation and tumorigenesis, the role of AMPK in tumorigenesis and tumor metabolism is unknown. Recent studies have indicated that AMPK controls metastasis of cancer cells (49, 50) . interestingly, our findings indirectly show that an increase in AMPK phosphorylation by proton beam irradiation may suppress metastatic potentials of TPA-induced HT-29 human colorectal adenocarcinoma cells. However, a more detailed investigation on the regulatory mechanism underlying proton beam irradiation-induced AMPK phosphorylation is still needed.
In conclusion, our findings suggest that proton beam irradiation can inhibit metastatic potential including cell adhesion and migration by modulating gene expression of integrins, genes involved in integrin trafficking, and activities of molecules involved in integrin sigmaling necessary for tumor progression.
